The unique challenges natural products present to synthetic chemists can inspire the development of useful methodology, often applicable to problems beyond those first encountered. In connection with an interest in monoterpene indole alkaloids, we have investigated several methods for the C-3 functionalization of indole derivatives. In our first report on this topic, we described a mild, Pd-catalyzed decarboxylative β-allylation of 2,3-disubstituted indoles to afford allylated indolenine products and demonstrated the applicability of this method to a range of functionalized substrates, including the natural products yohimbine and reserpine (Scheme [1](#sch1){ref-type="scheme"}, eq a).^[@ref1],[@ref2]^ Subsequently, we developed effective protocols for the corresponding Pd-catalyzed benzylation reaction, which required a more challenging oxidative addition to the benzylic reactant (eq b).^[@ref3]^ These two methods involved the linking of two separate components to yield functionalized indolenine products. In 2013 we reported what effectively amounts to an intramolecular variant of these processes, wherein a single indole component decorated with allyl or benzyl carboxylate is transformed into the respective β-allyl- or β-benzyl-indolenine (eq c).^[@cit4a]^ In the progressive development of this methodology, we have investigated the feasibility of the analogous Pd-catalyzed decarboxylative propargylation reaction (eq d). In contrast to the vast body of work on Pd-catalyzed allylation reactions, the corresponding propargylation reactions have received much less attention.^[@ref5],[@ref6]^ As summarized below, rather than the anticipated β-propargyl indolenines, the reactions give a range of novel spirocyclized indolenines through a process wherein the propargyl reactant functions as a bis-electrophile. The reactions proceed under mild conditions, with low catalyst loadings, to give the spirocycylic products in good to high yields.^[@ref7]^
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For the initial experiments, we examined the reaction between 2,3-dimethylindole and *tert*-butyl propargyl carbonate (**1**), under conditions that had proven effective for the corresponding allylation and benzylation reactions (Scheme [2](#sch2){ref-type="scheme"}, eq 1). Although initially no reaction was observed, a new compound gradually formed using a higher catalyst loading (10 mol %) at 80 °C. The major product of the reaction, rather than the β-propargylated indolenine, was "dimer" **2**, arising from interception of the expected allenyl palladium intermediate by two indole units, one reacting at the β-carbon and the other at nitrogen (eq 2).
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The above reactivity meant that indole substrates having in place an additional nucleophilic moiety would give rise to intricate spirocyclic compounds. Indeed, tosyl-tryptamine derivative **3a** reacted at ambient temperature with propargylate **1** in the presence of 5 mol % palladium to afford compound **4a** (42% yield), with indoline and piperidine conjoined through a spiro-linkage and adorned with functionality suitable for further transformations.^[@ref8],[@ref9]^

Given the potential for this methodology to provide ready access to drug-like molecules, we carefully examined the reaction parameters in order to optimize the yield of the spirocyclization product. The conditions used with 2,3-dimethylindole gave the desired spirocyclized product in only 38% yield (Table [1](#tbl1){ref-type="other"}, entry 1). Changing the solvent from THF to CH~2~Cl~2~ led to a significant improvement in yield and reaction rate (entry 2). Monodentate ligands such as trifuryl phosphine were largely ineffective (entry 3), and of the bidentate ligands screened Xantphos gave the best results: 90% yield after 35 min (entry 5). Other solvents and palladium sources were examined (entries 6--8) but provided only incremental improvements. Surprisingly, decreasing the concentration improved the reaction outcome, in the form of a higher product yield and shorter reaction time (entry 9).^[@ref10]^ The spirocyclization was also competent under an ambient atmosphere, although the reaction gave a lower yield and required a longer reaction time (entry 10). The reaction worked well when the catalyst loading was reduced to 2.5 mol % (entry 11), or even 1 mol % (entry 12), which afforded the desired product in 98% and 87% yields, respectively. Lastly, the use of (*R*)-BINAP as the ligand provided the expected product in 80% yield and 16% ee (entry 13).^[@ref11]^

###### Optimization of Spirocyclization of Indole **3a**[a](#t1fn1){ref-type="table-fn"}
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  entry                                    \[Pd\]                                          ligand          solvent (M)                               1 (equiv)   time (h)   yield (%)[b](#t1fn2){ref-type="table-fn"}
  ---------------------------------------- ----------------------------------------------- --------------- ----------------------------------------- ----------- ---------- -------------------------------------------
  1                                        Pd~2~(dba)~3~·CHCl~3~                           DPEphos         THF (0.1 M)                               1.1         12         38
  2                                        Pd~2~(dba)~3~·CHCl~3~                           DPEphos         CH~2~Cl~2~ (0.1 M)                        1.1         3.5        95
  3                                        Pd~2~(dba)~3~·CHCl~3~                           P(2-furyl)~3~   CH~2~Cl~2~ (0.1 M)                        1.1         3.5        5
  4                                        Pd~2~(dba)~3~·CHCl~3~                           DPEphos         CH~2~Cl~2~ (0.1 M)                        1.3         0.58       59
  5                                        Pd~2~(dba)~3~·CHCl~3~                           Xantphos        CH~2~Cl~2~ (0.1 M)                        1.3         0.58       90
  6                                        Pd~2~(dba)~3~·CHCl~3~                           none            CH~2~Cl~2~ (0.1 M)                        1.3         0.58       0
  7                                        Pd~2~(dba)~3~·CHCl~3~                           Xantphos        EtOAc (0.1 M)                             1.3         0.58       0
  8                                        Pd(OAc)~2~                                      Xantphos        CH~2~Cl~2~ (0.1 M)                        1.3         1          0
  9                                        Pd~2~(dba)~3~·CHCl~3~                           Xantphos        CH~2~Cl~2~ (0.04 M)                       1.3         0.66       99
  10[c](#t1fn3){ref-type="table-fn"}       Pd~2~(dba)~3~·CHCl~3~                           Xantphos        CH~2~Cl~2~ (0.04 M)                       1.3         20         68
  **11**[d](#t1fn4){ref-type="table-fn"}   **Pd**~**2**~**(dba)**~**3**~**·CHCl**~**3**~   **Xantphos**    **CH**~**2**~**Cl**~**2**~ (**0.04 M**)   **1.3**     **4**      **98**[e](#t1fn5){ref-type="table-fn"}
  12[f](#t1fn6){ref-type="table-fn"}       Pd~2~(dba)~3~·CHCl~3~                           Xantphos        CH~2~Cl~2~ (0.04 M)                       1.3         14         87[e](#t1fn5){ref-type="table-fn"}
  13                                       Pd~2~(dba)~3~·CHCl~3~                           (*R*)-BINAP     CH~2~Cl~2~ (0.04 M)                       1.3         12         80[g](#t1fn7){ref-type="table-fn"}

Reaction conditions: \[Pd\] (5.0 mol %), ligand (5.5 mol %), N~2~ atmosphere, 23 °C.

NMR yield calculated using 1,3,5-trimethoxybenzene as an internal standard.

Under ambient atmosphere.

\[Pd\] (2.5 mol %), Xantphos (2.75 mol %).

Isolated yield.

\[Pd\] (1.0 mol %), Xantphos (1.1 mol %).

16% ee.

Having defined optimal conditions for the propargylic spirocyclization, we set out to explore the scope of the reaction with regard to changes in the bis-nucleophilic indole species. Tosyl-tryptamines were competent substrates for the spirocyclization, although the reaction times were longer when an aryl group rather than an alkyl group occupied the indole C2-position (Table [2](#tbl2){ref-type="other"}, entries 1--3). While less reactive than toluenesulfonamides, methanesulfonamides performed well when the reactions were carried out at a slightly higher temperature, with added organic base (entry 4). Extension of the tether length was tolerated provided the right withdrawing group was attached to the amine. Thus, tosyl-homotryptamine derivative **3e** gave the expected product, containing a spiro-fused seven-membered ring, but the corresponding methylsulfonamide and methyl carbamate gave no product (entries 5--7). Shifting the sulfonamide component from C-3 to C-2 opened access to a different skeletal type, as seen in diamine **4h** (entry 8). Likely due to steric interactions with the C-3 methyl group, cyclization occurs at the indole *N*--H. This observation is consistent with the formation of **2**, wherein the "dimerization" event is terminated by N--C, rather than C--C, bond formation.

###### Substrate Scope of the Indole-Propargylate Spirocyclization[a](#t2fn1){ref-type="table-fn"}
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Reaction conditions: bis-nucleophile substrate (0.2 mmol), **1** (1.3 equiv), base (1.5 equiv), CH~2~Cl~2~ (0.4 M).

Isolated yields.

Two indole acetic acid derivatives were also examined for the propargylation reaction. Acetamide **3i** reacted sluggishly and gave the desired product in low yield (entry 9). Reaction of the corresponding carboxylic acid (**3j**, entry 11) was carried out initially without added base. The reaction progressed slowly and produced only trace amounts of the desired lactone **4j**, along with a mixture of products, from which was isolated "dimeric" product **5** in 19% yield.^[@ref12]^ Since **5** is an allylic acetate, and hence a potential precursor to the desired lactone product **4j**, we subjected it to standard reaction conditions, but with the inclusion of NEt~3~. After 24 h, approximately half of the "dimeric" compound had been transformed to the desired lactone. With the benefit of this understanding, the reaction of acid **3j** was carried out in the presence of base and gave the spirocyclized lactone **4j** in 52% yield (entry 10). The structure of lactone **4j** is noteworthy since, unlike the other examples, the indole has formed a C--C bond to the central carbon of the propargyl unit.

The spirocyclization of C2-unsubstituted tryptamine sulfonamides **3k** and **3l** paved the way to another interesting skeletal type (Scheme [3](#sch3){ref-type="scheme"}). Although both substrates gave the expected spiroindolenine products, the tosyl compound **4l** was not isolable due to its ready decomposition upon exposure to air or silica gel. On the other hand, treatment of the spiroindolenine products with a mild acid triggered their rearrangement, possibly through a 1,5-sigmatropic shift,^[@ref13]^ to tetrahydroazepinoindoles **6a** and **6b**, formed in 50% and 49% overall yields, respectively. Reduction with NaBH~4~ converted indolenine **4k** to the corresponding spirocyclic indoline **7**, with the double bond isomerized as endocyclic.

![Spirocyclization of Tryptamine Derivatives](ol-2014-01409a_0004){#sch3}

A plausible mechanism for the indole-propargylate spirocyclization reactions is shown in Figure [1](#fig1){ref-type="fig"}. Oxidative addition of the Pd(0) catalyst to propargyl carbonate **1** with decarboxylative elimination of *tert*-butoxide is expected to generate cationic Pd(II)-allenyl species **I**. Deprotonation of the sulfonamide *N*--H by *tert*-butoxide allows for its addition to the central carbon of allene **I** to afford an allylic Pd-carbenoid **III** that upon protonation, ostensibly by the indole *N*--H, would produce Pd(II)-π allyl species **IV**. Coupling of the indole with π-allyl species **IV** followed by reductive elimination would yield the observed product, with regeneration of the catalyst.

![Proposed catalytic cycle.](ol-2014-01409a_0001){#fig1}

In summary, we have developed a palladium-catalyzed decarboxylative propargylation reaction of indole-based bis-nucleophiles. The reactions proceed under mild conditions at low catalyst loadings and give rise to novel spirocyclic indolenines in good to high yields. The related spirocyclization of oxindole-based bis-nucleophiles and the use of chiral phosphines in such reactions are currently under investigation.

Experimental procedures and spectroscopic data for all reported compounds. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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